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Stimulatory Effects of Androgens 
on Eel Primary Ovarian 




Androgens stimulate primary ovarian development in Vertebrate. Japanese eels 
underwent operation to sample the pre- and post-treated ovarian tissues from the 
same individual. Ovarian phenotypic or genotypic data were mined in a pair. A 
correlation between the initial ovarian status (determined by kernel density estima-
tion (KDE), presented as a probability density of oocyte size) and the consequence 
of androgen (17MT) treatment (change in ovary) has been showed. The initial 
ovarian status appeared to be important to influence ovarian androgenic sensitiv-
ity. The initial ovary was important to the outcomes of androgen treatments, and 
ePAV (expression presence-absence variation) is existing in Japanese eel by analyze 
DEGs; core, unique, or accessory genes were identified, the sensitivities of initial 
ovaries were correlated with their gene expression profiles. We speculated the 
importance of genetic differential expression on the variations of phenotypes by 
17MT, and transcriptomic approach seems to allow extracting multiple layers of 
genomic data.
Keywords: androgen, Anguilla japonica, ePAV, kernel density estimation, primary 
ovary, transcriptome
1. Introduction
Anguilla eels, Anguilla spp., are important economic species, but eel seeds (glass 
eels) for aquaculture are obtained only from the wild. Moreover, the resource of 
glass eels has been drastically reduced since the 1970s. The artificial propagation 
of eel seed is demanded. The complex life cycle of Anguilla eels, undergo several 
metamorphoses and migrate between freshwater and ocean environments, leads 
an obstacle to the artificial propagation on a commercial scale, although progress 
in the artificial maturation of eel broodstocks and larvae rearing has been achieved 
for Japanese eels [1–3]. Indeed, to obtain eel seeds in captivity, an important factor 
is the selection of broodstocks for artificially maturation [2]. It has been demon-
strated that wild silver eels (undergoing pubertal metamorphosis) are the best 
candidates for artificial maturation [4]. However, natural sources of wild female 
silver eels are diminishing.
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There are different responsive abilities of different eels on piscine pituitary 
extracts (PPE) in artificial maturation manipulation. This phenomenon has been 
commented: “the maturity status of parental females at the beginning of artificial 
maturation trials is also an important factor affecting the success of maturation 
experiments” [2] as well as suggested that silver eels with more developed oocytes 
(mean of oocyte diameter is 0.262 mm) required a shorter time to produce mature 
eggs than did cultivated eels (mean of that is 0.177 mm) [4], the maturity of 
morphological changes (silvering, as a pubertal metamorphosis in eels) might have 
a close correlation with ovarian development (oocyte growth). The physiological 
status of the eels just before PPE injection has been postulated to be a reason for 
this difference [3]. In addition, in most circumstances during artificial eel matura-
tion, unsynchronized development stages of ovary are a problem, androgens have 
been demonstrated to synchronize oocyte development in the eel ([5] references 
therein). While, in practice, the stimulatory effect of androgens (or PPE) on eel 
ovarian development was often not uniform or not conserved among different indi-
viduals, and the stimulatory effects might depend on the initial status of ovarian 
development [3, 4]. Artificial maturation in eels appears to be paralogue to ‘person-
alized medicine’ in human diseases. Identifying a set of gene biomarkers to predict 
or estimate the outcomes of eel artificial maturation is interesting and is demanded.
2. From phenotypes
Indeed, the developmental stages of oocytes in Japanese eels were classified 
by the mean of oocyte diameter as follows: oil droplet stage for follicles <200 μm; 
early vitellogenic stage for follicles 200–400 μm; mid-vitellogenic stage for fol-
licles 400–600 μm; late vitellogenic stage for follicles 600–800 μm; and migratory 
nucleus stage for follicles 800–1000 μm [4, 6].
Androgens stimulate the development of the preantral follicle in mammals [7]. 
In fish, androgens participate in the promotion of primary and/or early secondary 
ovarian follicle growth (reviewed by [8]), the primary and/or early secondary ovar-
ian follicle stages in the fish is analogous to the preantral follicle in mammals. The 
stimulatory effect of androgens has been reported in coho salmon (Oncorhynchus 
kisutch) in vivo [8]. Androgens also significantly promote primary growth (PG) and 
the pre-vitellogenic (PV) transition in eels in vivo (Anguilla japonica: [9]; Anguilla 
australis: [10]). Furthermore, androgen treatment is recommended prior to or 
during eel artificial maturation (Anguilla japonica: [5] references therein; Anguilla 
australis: [10]; Anguilla anguilla: [11]).
Indeed, artificial maturation is often unsuccessful when the eel broodstocks 
come from aquafarms or have a larger body size [12]. Whether, the hypotheses that 
the outcomes of artificial eel maturation are based on “the maturity status of paren-
tal females at the beginning of artificial maturation trials” [4] and “the physiologi-
cal status of the eels just before hormone” [3] are accepted. Therefore, identifying 
sex and evaluating gonadal maturity are necessary.
A method to track ovarian development before- and after-androgen 
(17α-methyltestosterone, 17MT) treatment in the same eel has been developed [5]. 
It must be emphasized that the experimental data came from the same individual; 
this traceability was the advantage, but the bias caused by a single sample could not 
be avoided. The pretreated ovary was used as a morphological or molecular baseline 
to compare the posttreatment ovary. Since the experimental eels and PPE were both 
from wild populations and subject to important individual variation, both of them 
are not consisted. This means the results based on two important variations if the 
different eels as well as PPE were employed simultaneously. To increase sample size 
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can reduce the variation (to approach normal distribution), it can be speculated that 
the normal distribution is composed of many eels, the number of eels will be numer-
ous, when one eel was selected, since time cannot be reversal, the normal distribution 
will collapse into one sample, then the destinations or outcomes of the selected one 
might be an another distribution (not always a normal distribution), but, apparently, 
there should be a closer correlation between the inputs and the outcomes. The data 
followed this protocol can be accumulated then be clustered, different patterns or 
clusters related with certain biological outcomes may be distinguished.
Eels were surgically operated to identify sex and to sample ovarian tissues, the 
operated eels recovered and the sutures were shed after 4–5 weeks [13, 5]. The 
manipulation did not suspend ovarian development under the subsequent artificial 
maturation regimen.
Primary ovarian sensitivity to androgens (17MT) is well documented; this charac-
teristic was used to study the correlation between basal ovarian status and the outcome 
in Japanese eel. The lard grease- and Vaseline-based sustained-release mixtures were 
used in vivo to stimulate ovarian development. The recovered eels were treated with 
lard grease-Vaseline +17MT (LVMT) for four weeks. Classically, the ovarian status was 
estimated by the measurement of the oocyte size in the sampled ovarian tissue, then 
the distribution of oocyte size was plotted in histogram, histogram is a description 
method, the mean (m) and standard error (SE) of oocyte size were calculated (e.g. 
[4]). Kernel density estimation (KDE), a nonparametric way to estimate the probabil-
ity density function of a random variable, was used to evaluate the ovarian status; one 
of the advantages of KDE is, compared with histogram method, the tiny differential 
varieties on the ovarian status can be percept; indeed, the measurement of oocyte 
diameter under microscope is a daunt task, many conditions can aberrate the results, 
the oocytes might be deformed by the manipulation of sampling process and tissue 
fixed. The oocyte diameter was derived from digital data (virtual measurements), we 
could not deny that the fidelity of ‘real’ oocyte diameter might be lost and erratic, but 
this shortcoming could be ameliorated by KDE, Kernel smoothing refers to a general 
methodology for the recovery of underlying structures in datasets [14].
In the pretreatment eels, there was no significant (p > 0.05) difference among 
them on mean of oocyte diameter, the developmental stage of our experimental eels 
was the oil droplet stage (primary oocyte). After 4 weeks of treatment (posttreat-
ment), The mean diameter of oocyte significantly (p < 0.05) increased in the same 
Figure 1. 
Mean oocyte diameters of different individuals treated with LVMT. Open or solid columns represent 




individual, and the mean of fold change was x1.25. Based on KDE and using 0.1 mm 
as the arbitrary boundary, the percentage of the oocyte diameter over 0.1 mm 
increased from 44–70% [5].
Figure 2. 
Estimation of ovarian status by kernel density estimation (KDE). The x-axis and y-axis represent the 
oocyte diameter (mm) and probability density, respectively. 0.1 mm was chosen as an arbitrary boundary. 
The distribution of oocyte sizes from the eel no 2003, no 1440 , and 2613 are presented in (a), (b), and (c), 
respectively.
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Three eels, with different fold change on oocyte diameter x1.30, x2.08, and x2.35 
tagged with no 2003, no 1440, and no 2613, respectively, were chosen to present 
the different results of the17MT treatment, although the growth of all oocytes was 
significantly (p < 0.05) stimulated by LVMT, as revealed by pre- vs. posttreatment 
comparisons (Figure 1). Moreover, analyzed by KDE, and 0.1 mm was used as an 
arbitrary boundary to evaluate ovarian status, the percentage of the oocytes over 
0.1 mm increased from 22–60% in eel no 2003, from 42–90% in eel no 1440, and 
from 40–89% in eel no 2613. It seemed that oocyte growth (development) was 
more synchronized in eel no 2613 than in eel no 1440 because the bandwidth in 
eel no 2613 (bandwidth = 0.009722) was smaller than that in eel no 1440 (band-
width = 0.02096), which indicates a more dispersed trend in ovarian development 
in eel no 1440; these data corresponded to the standard deviations (SDs) of 0.0574 
and 0.0352 for eel no 1440 and no 2613, respectively (Figure 2) [5].
KDE may be a way to mine the “maturity status” of the ovary. From plotted 
figure, if we chose 0.1 mm as the boundary, we can speculate that if the main peak 
was located on or right-hand to the boundary, better oocyte development results 
could be detected under the subsequent treatment condition with 17MT.
More than two peaks can identified in certain plotted figures, a shoulder instead 
of a smooth bell curve was also observed, hidden peak was likely present [5]. Our 
observed data implied a wave-like on the development of Japanese eel oocytes [5]; 
coincidently, the Japanese eel might spawn more than once during a spawning 
season [15]. Moreover, there is also an argument that if the Japanese eel is a not 
semelparous (monocyclic) fish [16].
The pretreated ovary was used as a morphological or molecular baseline to 
compare the posttreatment ovary in the same individual. The comparison was based 
on the pattern from a probability density function (KDE); the patterns represented 
ovarian status. Our results showed that a different ovarian status seemed to lead to a 
different artificial maturation results [5].
3. To genotypes
In Japanese eel, the correlations between the initial ovarian status, represented 
by the probability distributions of oocyte diameter, and the effects of 17MT treat-
ment is shown [5]. We continued to investigate the relationships between the initial 
ovarian gene expression profiles and the stimulatory effects of androgens on oocyte 
development in eels. As the activation and development of ovaries are sophisticated 
(reviewed by [17, 18]), myriad factors and ample genes interact with each other to 
control folliculogenesis [19]. Following this concept, we studied this phenomenon 
based on the ovarian expression profiles of the initial ovaries using transcriptomic 
tools, high-throughput methods for the large-scale analysis of ovarian gene func-
tions can be used to approach this question.
Gene set analysis (GSA) has the advantage of incorporating existing biological 
knowledge into the expression analysis (reviewed by [20], references therein). Gene 
Ontology (GO) terms can be used to define gene sets, and GO analysis is a standard 
way to define the relationships among expressed genes, thus enabling identification 
through the use of GSA. Both GO and COG (Cluster of Orthologous Genes) provide 
specific information about genes or gene products.
In teleosts, there is a lack of transcriptome analysis on early folliculogenesis 
(reviewed by [21]). In coho salmon (Oncorhynchus kisutch), 11-ketotestosterone 
promoted the growth of primary ovarian follicles and altered the ovarian transcrip-
tome dramatically [8]. In Japanese eel, ovarian transcriptomic information from 
eels treated with salmon pituitary extracts has been reported [22].
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The number of total trinity transcripts was 541,020, and 452,778 transcripts 
were derived from raw assembled transcripts but clustered with 95% similarity. 
The number of total trinity ‘genes’ was 336,973, while a total of 25,340 unigenes 
were distributed into the 3 categories with 37.56% in biological processes, 49.15% 
in molecular functions, and 13.28% in cellular components. Meanwhile, the top 
10 genes in biological processes, cellular component, and molecular function were 
indicated. According to the annotation of COG (clusters of orthologous groups of 
proteins), these genes were classified into 25 different functional classes. The clus-
ter for general function prediction (19,089, 24.77%) represented the largest group, 
followed by cell cycle control, cell division, chromosome partitioning (11,670, 
15.14%), replication, recombination and repair (6,704; 8.70%), and unknown 
functions (5,286; 6.86%) [23].
The post-treatment ovarian tissue was compared with the initial ovarian tis-
sue in the same eel. The results showed that certain pathways were significantly 
(p < 0.05) upregulated, but in the same time, the same pathways were also sig-
nificantly (p < 0.05) downregulated. These contradictory results might imply the 
complexity of gene network, indeed, abundant mRNA isoforms in fish seems to 
play important roles on this situation (the discussion further below: 4. From ePAV 
to phenotypes). GSA uses all of the available gene expression data (cutoff-free) 
instead of pre-filtering (cutoff-based) the data for a list of strong DEGs. Our 
cutoff-free results indicated that most of the sequenced genes were responsible for 
fundamental biological regulation and metabolism. Anyways, significant metabolic 
activities corresponded with the change in ovarian status is indicated [23].
REViGO (http://revigo.irb.hr) was used to summarize lists of GO terms by find-
ing a representative subset of the terms. The analysis was based on the post-treat-
ment ovarian tissue compared with the initial ovary (e.g., 2003MT/2003). The total 
GO enrichment score of eels 2003, 2613, and 1440 was 184, 253, and 230, respec-
tively. These results corresponded with the phenotypes. The outcomes from the 
GO enrichment analysis and phenotypes were mutually supported and appeared to 
have a positive correlation. The ovarian gene expression profiles from the same eel 
before-and after-treatment are investigated. The profiles of the heatmap or cluster 
indicated that eel 2613 and eel 1440 were under the same clade (cluster), and eel 
2003 appeared to be isolated from both. And, the gene expression profiles were 
more discrete in eel 2613 between the initial ovary and post-treated ovary compared 
with those of the two other eels (Figure 3). Plotting the TMM expression of all 
samples and calculating the Pearson correlation coefficient, the coefficient was 
0.34, 0.17, and 0.15 for eel 2003, 1440, and 2613, respectively, between the initial 
ovary and post-treated one in the same individual [23].
The Principal Component Analysis (PCA), the distance between any given 
two points represents their divergences in the chart, results are also shown: the 
distance between eels 1440MT and 2613MT was short on PC1 (X-axis), while 
eel 2003MT was isolated on the other side; eel 26130MT was closer to 2003MT 
while 1440MT was located from the other two on PC2 (Y-axis). The order of the 
intra-group distance was: 2613 > 1440 > 2003; the major shift was along PC1, 
and there was slight shift along PC2 except for eel 2613. Moreover, the results 
from the heatmap also indicated that eels 2613MT and 1440MT under the same 
clade (cluster), but eel 2003MT was isolated from both. The results are supported 
mutually (Figure 4) [23].
We preferred to mine the differences in gene expression profiles, thoroughly as 
these differences might provide the bases to set up biomarkers. To maximize the 
differences significantly, the cutoff condition was set with the TPM of the gene as 
zero in the initial ovarian tissues. We attempted to filter the differences between 
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Figure 3. 
Gene expression levels heatmap among different individuals. Clusters of genes with different expression values 
were indicated.
Figure 4. 
Analysis gene expression profiles by PCA. The initial ovaries or the post-treated ones were symbolized as open 
pentagon or open triangle, respectively; the arrowhead represent the change of gene profiles.
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the sensitive group (2613MT and 1440MT) and insensitive one (2003MT), the TPM 
was set to be equal or greater than 0.01 (TPM ≥ 0.01) to amplify the differences; 
there were 467 genes exclusively in 2613MT and 518 genes exclusively in 1440MT. 
As there were many isoforms, the number of unique genes was 266 and 303 for 
2613MT and 1440MT, respectively. These unique genes are involved in various bio-
logical pathways. There were many GO enrichment biological pathways in addition 
to housekeeping metabolic pathways, the neurogenesis pathways (axon guidance, 
eye morphogenesis, and axon development in 2613MT; sensory organ development, 
regulation of synapse organization, and regulation of nervous system development 
in 1440MT) appeared to overlap in these two eels. These data implied plausible roles 
of neurogenesis in the primary development of the ovary [23].
The cutoff levels were TPM ≥ 0.01 and TPM = 0 for the sensitive group and 
insensitive group, respectively, tried to filter data based on DEGs to maximize the 
differences. Our assumption was that the significant (≥ 0.01 vs 0.00) DEGs among 
the initial ovaries might be the basis for the outcomes of 17MT subsequently, and 
certain subtle pathways might be amplified; this might be arbitrary and abstract, 
since it is impossible to interpret the information from a transcriptome without the 
context of experiment.
Interestingly, several pathways implicated in neurogenesis or neuro-activity have 
been mined. We changed the cutoff-levels; curiously, the pathways implicating eyes 
or sensory organ development were found. The retina is the most accessible part of 
the vertebrate central nervous system, and the neural retina constitutes an excellent 
system with which to analyze key aspects of neurogenesis [24]. Moreover, it is well 
recognized that the silver eel (the prepubertal stage) has larger eyes, and a similar 
situation might occur in the developing gonads. Our cutoff-based results led us to 
postulate that neurogenesis and/or neuro-activity is involved in primary ovarian 
development in Japanese eel. This hypothesis might pertain to the fact that in eel, 
even entering the silver stage, the reproductive endocrine system is blocked, but a 
slight development of ovary is observed.
Few reports have discussed the involvement of neurogenesis in primary ovar-
ian development in fish. Meanwhile, in mammals, the development of ovarian 
nerves precedes the onset of folliculogenesis [25], and the neural activity might be 
an important factor in the regulation of follicular development before the ovary 
acquires responsiveness to gonadotropins [26], the developing ovary is regulated 
by direct sympathetic inputs which function in addition but complementarily to 
gonadotropin [27]. On the other hand, the density of innervation may contribute 
to the selection of follicles for further development (reviewed by [28]). Evidence 
supports complementary control performed by sympathetic nerves innervating the 
ovary [29, 30]. Moreover, our non-de novo data (the sequence reads were compared 
with a reference genome and assembled) showed that the expression levels of 
ovarian doublecortin (DCX), an important marker of neurogenesis for comparative 
neurobiologists [31]. In summary, ovarian development in all vertebrates appears 
to be under at least partial neural control [32], and the neural–ovarian connection 
established during postnatal development is necessary [33].
Indeed, our non-de novo data indicated that the expression levels of ovarian 
FSHR were higher in eel 2003MT, but that in 1440MT and 2613MT was below 
detectable levels; it is interesting that the fold-change order of FSHR expression 
between the initial ovary and the post ovary was 2613 > 1440 > 2003. These results 
correspond with a stimulatory effect of androgens on ovarian FSHR expression 
levels in eels [34] or in mice [35]. This data also indicated the importance of pair-
sample design in genetic studies.
Biomarkers are biological characteristics that predict treatment responses. The 
sensitivity of oocytes to 17MT is dependent on the ovarian status (not the mean 
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size of the oocyte) [5]. From our results, it seems not ideal to select certain genes 
based on DEGs to serve as biomarkers, instead of independent genes with signifi-
cant DEGs, a set of genes in certain pathways to represent the ovarian status seems 
chosen. The initial ovarian status is fundamental to influencing how genotypes 
are translated into phenotypes by treatments. It is already useful to inspect the size 
of sampled oocytes, while our report indicated that, the gene expression pattern 
can ameliorate and improve the method based on phenotype for the eel artificial 
maturation. Our results also implied that the neurogenesis or neural activity in the 
initial ovary might be an important factor influencing the outcomes of hormonal 
treatments. Meanwhile, more experiments and data are required to support and 
verify this hypothesis.
4. From ePAV to phenotypes
The term “pan-genome” is the entirety of a species gene repertoire, it is defined as 
the complete gene set across strains rather than in a single individual. The concept of 
pan-genome is built upon the observation that genes often display presence-absence 
variations (PAV) [36]. Pan-genome comprises of the “core” genes share by all strains 
within a given species, “dispensable” or “accessory” genes are only present in some 
strains, “unique” genes are strain-specific [36]. PAV is an important source of genetic 
divergence and diversity [37] and has been suggested to contribute to phenotypic 
variation of agronomic importance in various crops [38]. With the completion of 
reference genome sequencing, our knowledge of genomic variation increased, it is 
apparent that a single reference sequence is insufficient to represent the extent of 
genomic variation, resulting in the introduction and growth of the pan-genome con-
cept [39]. In nowadays, PAV has been commonly observed across the Tree of Life [39].
The pan-transcriptome can be defined by recalling the concept of the pan-
genome. It reflects the set of all the RNA present in a specie or in a single organism, 
transcripts present in every individual of a taxonomic group are called core genes, 
while transcripts absent in at least a single individual are called accessory (dispens-
able) genes [40]. Indeed, a larger part of the genes are expression presence-absence 
variation (ePAV) or are even totally absent (genomic PAV; gPAV) [41]. PAV at the 
genomic level would be reflected in the transcriptome ePAV. The ePAV not only 
reflect genomic structural variation, but also the variations in genetic and epigen-
etic regulatory elements [41].
As a correlation between the initial ovarian status and the phenotypic outcomes 
of 17MT treatment have been demonstrated [5], and the genetic background of 
initial ovary seems important [23]. We ameliorated our results that the ovarian 
transcriptome was re-mapped against the Japanese genomic scaffolds, a pair as the 
unit to re-analyze DEGs. Certain genes were absent in one pair but present in the 
others, the presence genes were also up- or down-regulated, the genes of various 
sets were analyzed for KEGG pathway enrichment. Together up, we speculated the 
existence of presence-absence variant (PAV) or expression presence-absence varia-
tion (ePAV) in Japanese eel.
The 22199 pan-ovarian transcripts were derived from ovarian tissues of 12 eels 
with different maturation stages. In a previous report, the number of total trinity 
“genes” was 336,973 [23], while there were 22,199 pan-ovarian transcripts after re-
mapped against the Japanese genomic scaffolds. This significant discrepancy shows 
the importance of specific genomic scaffolds on transcriptomics. The number of 
functional genes was countered under the criterion that a gene was detected in at 
least one of six samples (three pairs), and the gene was eliminated when this gene 
was not detected in any of the six samples. The number of core genes was 15466; 
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there were 980, 501, and 1097 accessory genes for the intersection between 1440s 
and 2003s, between 2003s and 2613 s, and between 2613 s and 1440s, respectively. 
The numbers of unique genes were 1335, 796, and 724 for the 1440s, 2003s, and 
2613 s, respectively (Figure 5). we emphasize PAVs here. We cannot confirm that 
the PAVs were stage-specific or inducible and would be detectable (expressed) in 
the later stages, since the ovaries of this stage remained far from maturation.
Regarding the phenotype, there was no significant difference in mean ovarian 
diameter among the initial ovarian tissues (Figure 1) [5], but all genotype data 
from both PCA and heatmaps indicate a closer distance between 1440MT (the 
initial ovarian tissue) and 2613MT, while 2003MT was more isolated from others 
(Figures 3 and 4) [23], these observations imply that there were genetic variations. 
Accordingly, we speculate that the expression of the absent genes may be up-
regulated (from zero to detectable) by the treatment or in the following stage; if so, 
these absent genes are not presence-absence variations. It has been demonstrated 
that, not all absent genes were developmental- or stage-specific, which indirectly 
supports the concept of ePAV in Japanese eel [42].
It is essential to characterize the ePAV genes and their possible functions 
[41], the core genes has been speculated to appear universally over-represented 
by house-keeping functions and essential metabolic processes for organisms, 
and accessory genes are often associated with communication, virulence, and 
defense responses ([39], references therein] or adaptive functions in plants (e.g., 
stress responses [43]). It has also been demonstrated that accessory genes exhibit 
higher rates of polymorphism than core genes [44, 45]. We studied possible 
functions of the unique genes of PAVs in each pair by KEGG pathway enrich-
ment testing, since phenotypes are determined or controlled by constellations of 
pathways. The list of unique presence genes of each pair was submitted to Molas 
(http://molas.iis.sinica.edu.tw/jpeel/) to test for the KEGG pathway enrich-
ment, and the pathways were marked when the enrichment p-value <0.05; these 
pathways were clustered into seven categories in the KEGG pathway database. 
Indeed, only approximately 36% of unique genes were hit in the KEGG pathways 
(the hit rates were 37%, 36%, and 36% for 1440s, 2003s and 2613 s, respectively). 
These results indicate that the functions of transcripts in eels remained largely 
unknown and non-annotated, while the results also indicated that 1440s was 
clearly more similar to 2003.
Figure 5. 
Number of functional genes in each pair. Functional genes were detected in at least one sample; if not, this gene 
was eliminated (MT ≠ 0 ∪ AT≠0).
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All signaling pathways belong to the category of “Environmental Information 
Processing” in KEGG, and the numbers of pathways of each pair in this category 
were 12, 7, and 5 for 1440s, 2003s and 2613, respectively. There were 3 pathways 
at the intersection of those 3 pairs: Rap1 signaling pathway, cGMP-PKG signal-
ing pathway, and cAMP signaling pathway. This result implies the importance of 
these signaling pathways in basal ovarian development, and the importance of 
differential pathways in ovarian development was shown. Moreover, we believe 
that the differentially expressed genes are integrated into certain pathways to 
determine or control phenotypes. It has been demonstrated that the functions 
of genes related to neuronal activities or neurogenesis appears important in the 
outcomes of androgen treatments [23]. This postulation is supported the existing 
of ePAV in Japanese eel.
5. Conclusion
Our results, from Japanese eel, implied that the initial ovary status might be an 
important factor influencing the outcomes of androgen treatment, and the genes 
related with neuronal activities or neurogenesis seemed to play an essential role in 
the positive effect; certain genes seemed absent in one individual but present in the 
others by speculating that there is a presence-absence variant (PAV) or expression 
presence-absence variation (ePAV) in Japanese eel, a primitive fish diverged from 
other bony fishes in the basal lineage of the Teleost. Most pathways involved by 
ePAV were belong the endocrine system and nervous system. These results signify 
the importance of genetic differential expression on the variations of phenotypes 
by androgen, and a transcriptomic approach appears to enable extracting multiple 
layers of genomic data. More elegant experimental designs fit the biological model, 
and more transcriptomic data are required to address this question in the future.
Acknowledgements
We would like to thank Mr. Yung-Lin Huang and Mr. Yi-Sen Lai, their encour-
agements were appreciated sincerely. Mr. Guan-Ru Chen (Freshwater Aquaculture 
Research Center, Fisheries Research Institute, C.O.A., Taiwan) is also appreciated 
for his help on the manipulation. This research was partly funded by the Ministry of 
Science and Technology (MOST107-2321-B002-057), Taiwan.
Funding
This study was partly funded by the Ministry of Science and Technology 
(MOST107–2321-B002–057), Taiwan.
Conflict of interest
The authors declare that they have no conflict of interest.
Code availability





1 Department of Life Science, National University of Kaohsiung, Kaohsiung, 
Taiwan
2 Institute of Information Science, Academia Sinica, Taipei, Taiwan
*Address all correspondence to: yshuang@nuk.edu.tw
© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
13
Stimulatory Effects of Androgens on Eel Primary Ovarian Development - from Phenotypes…
DOI: http://dx.doi.org/10.5772/intechopen.99582
References
[1] Tanaka H, Kagawa H, Ohta H, 
Unuma T, Nomura K. The first 
production of glass eel in captivity: fish 
reproductive physiology facilitates great 
progress in aquaculture. Fish Physiol 
Biochem. 2003;28:493-497.
[2] Okamura A, Horie N, Mikawa N, 
Yamada Y, Tsukamoto K. Recent 
advances in artificial production of glass 
eels for conservation of anguillid eel 
populations. Ecol Freshw Fish. 
2014;23:95-110.
[3] Higuchi M, Mekuchi M, Hano T, 
Imaizumi H. Trans-omics analyses 
revealed differences in hormonal and 
nutritional status between wild and 
cultured female Japanese eel (Anguilla 
japonica). PLoS One. 2019;14(5): 
e0209063. DOI: org/10.1371/journal.
pone.0209063.
[4] Ijiri S, Kayaba T, Takeda N, 
Tachiki H, Adachi S, Yamauchi K. 
Pretreatment reproductive stage and 
oocyte development induced by salmon 
pituitary homogenate in the Japanese eel 
Anguilla japonica. Fish Sci. 1998; 
64(4):531-537.
[5] Huang Y-S, Wu X-H, Huang P-S, 
Chen G-R. Correlation between the 
ovarian status and the androgen 
sensibility in the cultured Japanese eel, 
Anguilla japonica. Fish Physiol Biochem. 
2020; 46:1063-1074. DOI: 10.1007/
s10695-020-00772-1.
[6] Kazeto Y, Ijiri S, Todo T, Adachi S, 
Yamauchi K. Molecular cloning and 
characterization of Japanese eel ovarian 
P450c17 (CYP17) cDNA. Gen Comp 
Endocrinol. 2000;118:123-133.
[7] Walters KA, Middleton LJ, 
Joseph SR, Hazra R, Jimenez M, 
Simanainen U, Allan CM, 
Handelsman DJ. Targeted loss of 
androgen receptor signaling in murine 
granulosa cells of preantral and antral 
follicles causes female subfertility. Biol 
Reprod. 2012;87(151):1-11.
[8] Monson C, Forsgren K, Goetz G, 
Harding L, Swanson P, Young G. A 
teleost androgen promotes development 
of primary ovarian follicles in coho 
salmon and rapidly alters the ovarian 
transcriptome. Biol Reprod.2012; 
97(5):731-745. DOI:10.1093/biolre/ 
iox124.
[9] Huang YS, Chen YM, Liao PC, 
Lee YH, Gwo JC, Chen MC, Chang CF. 
Testosterone improves the transition of 
primary oocytes in artificial maturation 
eels (Anguilla japonica) by altering 
ovarian PTEN expression. Fish Physiol 
Biochem. 2012;38(3):777-787. 
DOI:10.1007/s10695-011-9560-6.
[10] Lokman PM, Wylie MJ, Downes M, 
Di Biase A, Damsteegt EL. Artificial 
induction of maturation in female silver 
eels, Anguilla australis: the benefits of 
androgen pre-treatment. Aquaculture. 
2015;437:111-119.
[11] Mordenti O, Emmanuele P, 
Casalini A, Lokman PM, Zaccaroni A, 
Di Biase A, Parmeggiani A.  
Effect of aromatable androgen 
(17-methyltestosterone) on induced 
maturation of silver European eels 
(Anguilla Anguilla): oocyte 
performance and synchronization. 
Aquac Res.2018;49:442-448.
[12] Ijiri S, Tsukamoto K, Seinen Chow S, 
Kurogi H, Adachi S, Tanaka H. 
Controlled reproduction in the Japanese 
eel (Anguilla japonica), past and 
present. Aquac Europe. 2011;36(2): 
13-17.
[13] Thorstad EB, Økland F, 
Westerberg H, Aarestrup K, 
Metcalfe JD. Evaluation of surgical 
implantation of electronic tags in 
European eel and effects of different 




[14] Wand MP, Jones MC. Kernel 
smoothing. Chapman & Hall/CRC 
monographs on statistics & applied 
probability (60). Boca Raton, FL, U.S.: 
Chapman & Hall; 1994.
[15] Tsukamoto K, Chow S, Otake T, 
Kurogi H, Mochioka N, Miller MJ, 
Aoyama J, Kimura S, Watanabe S, 
Yoshinaga T, Shinoda A, Kuroki M, 
Oya M, Watanabe T, Hata K, Ijiri S, 
Kazeto Y, Nomura K, Tanaka H. Oceanic 
spawning ecology of freshwater eels in 
the western North Pacific. Nature 
Communications. 2011;2(1):179. 
DOI:10.1038/ncomms1174.
[16] Tanaka S, Okamura A, Mikawa N, 
Yamada Y, Horie N, Utoh T, Zhang H, 
Oka HP, Tsukamoto K. Development of 
oocytes in a post-spawning Japanese eel 
Anguilla japonica Temminck & Schlegel 
in captivity. bioRxiv. 2018. 
DOI:10.1101/494435.
[17] Hsueh AJ, Kawamura K, Cheng Y, 
Fauser BC. Intraovarian control of early 
folliculogenesis. Endocr Rev. 2015;36:1-
24. DOI: 10.1210/er.2014-1020.
[18] Zhang Y, Yan Z, Qin Q, Nisenblat V, 
Chang H-M, Yu Y, Wang T, Lu C, 
Yang M, Yang S, Yao Y, Zhu X, Xia X, 
Dang Y, Ren Y, Yuan P, Li R, Liu P, 
Guo H, Han J, He H, Zhang K, Wang Y, 
Wu Y, Li M, Qiao J, Yan J, Yan L. 
Transcriptome landscape of human 
folliculogenesis reveals oocyte and 
granulosa cell interactions. Mol Cell. 
2018;72:1021-1034. DOI: 10.1016/j.
molcel.2018.10.029.
[19] Kallen A, Polotsky AJ, Johnson J. 
Untapped reserves: controlling 
primordial follicle growth activation. 
Trends Mol Med. 2018;24:319-331. 
DOI:10.1016/j.molmed.2018.01.008.
[20] Väremo L, Nielsen J, Nookaew I. 
Enriching the gene set analysis of 
genome-wide data by incorporating 
directionality of gene expression and 
combining statistical hypotheses and 
methods. Nucleic Acids Res. 
2013;41:4378-4391. DOI: 10.1093/
nar/gkt111.
[21] Zhu B, Pardeshi L, Chen Y, Ge W. 
Transcriptomic analysis for 
differentially expressed genes in ovarian 
follicle activation in the zebrafish. Front 
Endocrinol (lausanne). 2018;9:593. DOI: 
/10.3389/fendo.2018.00593.
[22] Lee SC, Hsiao CD, Wang YS, 
Lou SW. Transcriptome response of 
previtellogenic ovary in Anguilla 
japonica after artificial hormone 
injection. Mar Genomics. 2017;35:31-34. 
DOI: 10.1016/j.margen.2017.04.002.
[23] Huang Y-S, Cheng W-C, Lin C-Y. 
Androgenic Sensitivities and Ovarian 
Gene Expression Profiles Prior to 
Treatment in Japanese Eel (Anguilla 
japonica). Mar Biotechnol (NY). 
2021;23(3):430-444. doi: 10.1007/
s10126-021-10035-6.




[25] Malamed S, Gibney JA, Ojeda SR. 
Ovarian innervation develops before 
initiation of folliculogenesis in the rat. 
Cell Tissue Res. 1992; 270:87-93. DOI: 
10.1007/BF00381883.
[26] Mayerhofer A, Dissen GA, 
Costa ME, Ojeda SR. A role for 
neurotransmitters in early follicular 
development: induction of functional 
follicle-stimulating hormone receptors 
in newly formed follicles of the rat 
ovary. Endocrinology. 1997;138:3320-
3329. DOI: 10.1210/endo.138.8.5335.
[27] Ojeda SR, Lara HE. Role of the 
sympathetic nervous system in the 
regulation of ovarian function. In “The 
menstrual cycle and its disorders”. Eds 
by Pirke KM, Wolfgang W, Ulrich S, 
Springer-Verlag Berlin Heidelberg.  
1989.
15
Stimulatory Effects of Androgens on Eel Primary Ovarian Development - from Phenotypes…
DOI: http://dx.doi.org/10.5772/intechopen.99582
[28] Dissen GA, Dees WL, Ojeda SR. 
Neural and neurotrophic control of 
ovarian development. In “The ovary”. 
Eds by Adashi EY. and Leung PCK. 
Raven Press. New York. pp. 1-19. 1993.
[29] Lara HE, Ferruz JL, Luza S, 
Bustamante DA, Borges Y, Ojeda SR. 
Activation of ovarian sympathetic 
nerves in polycystic ovary syndrome. 
Endocrinology. 1993;133:2690-2695. 
DOI: 10.1210/endo.133.6.7902268.
[30] Lara HE, Dorfman M, Venegas M, 
Luza SM, Luna SL, Mayerhofer A, 
Guimaraes MA, Rosa E, Silvam AA, 
Ramírez VD. Changes in sympathetic 
nerve activity of the mammalian ovary 
during a normal estrous cycle and in 
polycystic ovary syndrome: Studies on 
norepinephrine release. Microsc Res 
Tech. 2002;59:495-450.DOI: 10.1002/
jemt.10229.
[31] Balthazart J, Ball GF. Doublecortin 
is a highly valuable endogenous marker 
of adult neurogenesis in canaries. Brain 
Behav Evol. 2014;84:1-4. DOI: 
10.1159/000362917.
[32] Nakamura M, Specker JL, 
Nagahama Y. Innervation of steroid-
producing cells in the ovary of Tilapia 
Oreochromis niloticus. Zoolog Sci. 
1996;13:603-608. DOI: 10.2108/
i0289-0003-13-4-603.
[33] Garrido MP, Fernandois D, 
Venegas M, Paredes AH. Effects of 
sympathectomy on ovarian follicular 
development and steroid secretion. 
Reproduction. 2018;155:173-181. 
DOI:10.1530/REP-17-0318.
[34] Lee S-C, Lou S-W. Androgenic 
Modulation in the Primary Ovarian 
Growth of the Japanese eel, Anguilla 
japonica. Zool Stud. 2019;58:e2. 
DOI:10.6620/ZS.2019.58-02.
[35] Sen A, Prizant H, Light A, Biswas A, 
Hayes E, Lee HJ, Barad D, Gleicher N, 
Hammes SR. Androgens regulate 
ovarian follicular development by 
increasing follicle stimulating hormone 
receptor and microRNA-125 expression. 
Proc Natl Acad Sci U S A. 2014;111: 
3008-3013. DOI: 10.1073/pnas. 
1318978111.
[36] Tettelin T, Masignani V, 
Cieslewicz MJ, Donati C, Medini D, 
Ward NL, Angiuoli SV, Crabtree J, 
Jones AL, Durkin AS, Deboy RT, 
Davidsen TM, Mora M, Scarselli M, 
Margarit y Ros I, Peterson JD, 
Hauser CR, Sundaram JP, Nelson WC, 
Madupu R, Brinkac LM, Dodson RJ, 
Rosovitz MJ, Sullivan SA, Daugherty SC, 
Haft DH, Selengut J, Gwinn ML, 
Zhou L, Zafar N, Khouri H, Radune D, 
Dimitrov G, Watkins K, O'Connor KJ, 
Smith S, Utterback TR, White O, 
Rubens CE, Grandi G, Madoff LC, 
Kasper DL, Telford JL, Wessels MR, 
Rappuoli R, Fraser CM. Genome 
analysis of multiple pathogenic isolates 
of Streptococcus agalactiae: implications 
for the microbial "pan-genome". Proc. 
Natl. Acad. Sci. U. S. A. 2005;02(39): 
13950-5. DOI: 10.1073/pnas.0506758102.
[37] Springer NM, Ying K, Fu Y, Ji T, Yeh 
C-T, Jia Y, Wu W, Richmond T, 
Kitzman J, Rosenbaum H, Iniguez AL, 
Barbazuk WB, Jeddeloh JA, Nettleton D, 
Schnable PS. Maize inbreds exhibit high 
levels of copy number variation (CNV) 
and presence/absence variation (PAV) 
in genome content. PLoS Genet. 
2015;5(11):e1000734. DOI: 10.1371/
journal.pgen.1000734.
[38] Weisweiler M, de Montaigu A, 
Ries D, Pfeifer M, Stich B. 
Transcriptomic and presence/absence 
variation in the barley genome assessed 
from multi-tissue mRNA sequencing 
and their power to predict phenotypic 
traits. BMC Genomics. 2019;20 (1):787. 
DOI: 10.1186/s12864-019-6174-3.
[39] Golicz AA, Bayer PE, Bhalla Prem L, 
Batley J, Edwards D. Pangenomics 
comes of age: From bacteria to plant and 





[40] Medini D, Donati C, Tettelin H, 
Masignani V, Rappuoli R. The microbial 
pan-genome. Curr. Opin. Genet. Dev. 
2005;15(6):589-594. DOI: 10.1016/j.
gde.2005.09.006.
[41] Jin M, Liu H, He C, Fu J, Xiao Y, 
Wang Y, Xie W, Wang G, Yan J. Maize 
pan-transcriptome provides novel 
insights into genome complexity and 
quantitative trait variation. Scientific 
Reports, 2016;6:18936. DOI: 10.1038/
srep18936.
[42] Huang Y-S, Lin C-Y, Cheng W-C. 
Investigating the transcriptomic and 
expression presence-absence variation 
exist in Japanese eel (Anguilla japonica), 
a primitive teleost. Genomics. 2021 
(submitted to Marine Biotechnology).
[43] Hurgobin B, Edwards D. SNP 
discovery using a pangenome: Has the 
single reference approach become 
obsolete? Biology (Basel). 2017;6(1):21. 
DOI: 10.3390/biology6010021.
[44] Glasauer SMK, Neuhauss SCF. 
Whole-genome duplication in teleost 
fishes and its evolutionary 
consequences. Mol. Genet. Genomics. 
2014; 289(6):1045-1060. DOI: 10.1007/
s00438-014-0889-22014.
[45] Rozenfeld C, Blanca J, Gallego V, 
Garcıa-Carpintero V, 
Herranz-Jusdado JG, Perez L, 
Asturiano JF, Cañizares J, Peñaranda DS. 
De novo European eel transcriptome 
provides insights into the evolutionary 
history of duplicated genes in teleost 
lineages. PLoS ONE. 2019;14 
(6):e0218085. DOI:10.1371/journal.
pone.0218085.
